Mitochondria produce ROS (reactive oxygen species) as a by-product of aerobic respiration. Several studies in mammals and birds suggest that the most physiologically relevant ROS production is from complex I following reverse electron flow, and is highly sensitive to membrane potential. A study of Drosophila mitochondria respiring glycerol 3-phosphate revealed that membrane potential-sensitive ROS production from complex I following reverse electron flow was on the matrix side of the inner membrane. A 10 mV decrease in membrane potential was enough to abolish around 70% of the ROS produced by complex I under these conditions. Another important ROS generator in this model, glycerol-3-phosphate dehydrogenase, produced ROS mostly to the cytosolic side; this ROS production was totally insensitive to a small decrease in membrane potential (10 mV). Thus mild uncoupling may be particularly significant for ROS production from complex I on the matrix side of the mitochondrial inner membrane.
In living cells, mitochondria are a major source of ROS (reactive oxygen species) that can damage surrounding macromolecules. Accumulation of oxidative damage is linked with degenerative diseases and aging; therefore a mechanistic understanding of mitochondrial ROS production is of great importance.
ROS are produced continuously as a by-product of aerobic metabolism. Superoxide can be produced as a result of the one-electron reduction system within the mitochondrial electron transport chain. Superoxide can be then converted into hydrogen peroxide (H 2 O 2 ) by superoxide dismutase (the Mn isoform in the matrix and Cu,Zn-superoxide dismutase in the cytosol). H 2 O 2 can be converted into highly reactive hydroxyl radicals (OH •− ) by the Fenton reaction, and can cause lipid peroxidation.
Experiments using mammalian and bird mitochondria from various tissues have identified two main sites capable of producing ROS within the electron transport chain: complex I and centre o of complex III (e.g. [1, 2] ). Methodology varies between laboratories; however, a commonly used method is kinetic measurement of H 2 O 2 using fluorimetry to follow its reaction with PHPA (p-hydroxyphenylacetic acid), homovanillic acid, scopoletin or Amplex Red in the presence of horseradish peroxidase. Regardless of the methodology, it is essential to correct for any 'background rate', i.e. a fluorescent signal induced purely by reactants, independent of mitochondrial H 2 O 2 production [1] . As certain inhibitors generate a large background rate, care must be taken to correct appropriately.
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is used, but is detected with the complex II-linked substrate succinate (e.g. [1] [2] [3] ). It was concluded that the production was almost all from complex I following reverse electron flow, as rotenone, an inhibitor of complex I (preventing reverse electron flow to complex I), abolished the H 2 O 2 production in this condition. Reverse electron flow is well documented and known to be highly dependent on membrane potential. It disappears as mitochondria are uncoupled [4] , and it cannot occur if the electron transport chain is blocked by an inhibitor that abolishes the membrane potential.
Complex III may be a less important ROS generator than complex I in vivo, as substantial H 2 O 2 production from this complex appears only in the presence of inhibitors (e.g. [1, 2] ). Therefore reverse electron flow to complex I seems to be the most important pathway for physiologically relevant ROS production.
It is well established that there is a strong positive correlation between membrane potential and ROS production. It was reported that, at high membrane potentials, even a small increase in membrane potential gave rise to a large stimulation of H 2 O 2 production [5] . Similarly, only a small decrease in membrane potential was able to inhibit H 2 O 2 production [2, 6] . Therefore 'mild uncoupling', i.e. a small decrease in membrane potential, was suggested to have a natural antioxidant effect [7] . These studies were carried out using succinate-supported mitochondria, so presumably the ROS that were detected originated from complex I following reverse electron flow. Thus the conclusions might be translated to 'ROS production following reverse electron flow was very sensitive to a small decrease in membrane potential'. Are any ROS produced during 'forward' electron flow that is also sensitive to membrane potential? This question cannot be easily answered from the above studies (using mammalian or bird mitochondria), as, except those from complex I following reverse electron flow, substantial amounts of ROS are not detected during oxidation of NADH or succinate in the 'native' state (without inhibitors) in these mitochondria.
Mitochondria from the fruit fly, Drosophila melanogaster, provide an opportunity to clarify this point. Drosophila mitochondria are impermeable to succinate; instead, they have very active glycerol-3-phosphate dehydrogenase, which donates electrons to the Q cycle. Drosophila mitochondria supplemented with glycerol 3-phosphate can produce superoxide from complex I to the matrix side following reverse electron flow, as in mammal and bird mitochondria. At the same time, glycerol-3-phosphate dehydrogenase also produces large amounts of superoxide in the native state [8] . About two-thirds of the superoxide produced by glycerol 3-phosphate-supported mitochondria was from complex I to the matrix side, and one-third was from glycerol-3-phosphate dehydrogenase mostly to the cytosolic side (for details, see [8] ). The effect of varying membrane potential on sitespecific superoxide production was studied with this model. As predicted, superoxide production from complex I following reverse electron flow was very sensitive to a small decrease in membrane potential; a 10 mV drop in membrane potential decreased ROS production by 70%. On the other hand, superoxide from glycerol-3-phosphate dehydrogenase was completely insensitive to the same drop in membrane potential (Figure 1 ). Therefore it can be concluded that, in Drosophila mitochondria, ROS production from reverse electron flow is very sensitive to mild uncoupling, whereas ROS production following 'forward' electron flow is not.
There is another important point regarding complex Imediated ROS production: complex I produces superoxide to the matrix side [1, 8] . ROS production in the matrix is expected to be particularly dangerous, as many important macromolecules, including mitochondrial DNA, are found here. Compared with nuclear DNA, mitochondrial DNA is highly prone to oxidation, probably due to its closeness to the ROS-generating sites [9] . We have shown that matrix ROS production is from complex I following reverse electron flow, and that it is highly sensitive to a small decrease in membrane potential. This suggests that 'mild uncoupling' may have a protective role for mitochondria, particularly for those molecules situated in the matrix. It was suggested that moving the respiration state from state 4 (resting) to state 3 Figure 1 Dependence on membrane potential of native superoxide production at complex I and glycerol-3-phosphate dehydrogenase (G3Pdh) by isolated Drosophila mitochondria oxidizing glycerol 3-phosphate (actively making ATP) was sufficient to lower the membrane potential enough to have the same effect on ROS production as mild uncoupling [10] . Other regulatory mechanisms to control safe levels of membrane potential may exist, such as the function of uncoupling proteins [11, 12] .
